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1.0 INTRODUCTION

The Lake Michigan Potential Damages Study was initiated in 1996 by the Detroit District
U.S. Army Corps of Engineers (USACE). Figure 1.1 outlines the limits of the study. The
goals of the study are to satisfy several key recommendations of the 1986-1993
International Joint Commission Great Lakes Levels Reference Study (IJC, 1993). The
primary objective is the evaluation of potential economic damages due to future extreme
water levels on Lake Michigan over the next 50 years.

This report has been prepared to

g summarize Baird’s activities related
-~ 4 tothe Lake Michigan Potential

' s Damages Study in Fiscal Years 2000.
The focus of this report is the
development of the Flood and Erosion
QU7 5 Prediction System (FEPS) and the
} application of the system to the five

roan Byl | v prototype counties on Lake Michigan,
i VL ke including: Ottawa, Allegan, Ozaukee,

Sheboygan and Manitowoc. The
| predictive capabilities of the system
" were utilized to estimate future
et cound shoreline position at 20, 35, and 50-

Miwaukee « Michigan e year intervals for the three LMPDS

Hacing Frattana lake level scenarios.

Oshkosh

|
Sheboygan

INSIN: J

Kenosha

, Section 2.0 will describe the
LINOIS o il development of the Flood and Erosion

oy Y Prediction System , including a

South gend. {IOS description of the various modules
AN A and their interactions with the coastal

data in the system. Section 3 will

discuss the primary datasets utilized

in the coastal modeling and the Lake

Michigan shoreline classification. Erosion processes for the cohesive and sandy

shorelines on the Great Lakes, and the modeling approach in the FEPS is summarized in

Section 4.0.

Chicago'

Figure 1.1 Lake Michigan

The results of FEPS erosion modeling for the five prototype counties is discussed in
Section 5.0. Section 6.0 presents the methodology and results of the GIS mapping for
future shoreline position. The report concludes with recommendations for further data
acquisition, development and refinement of the FEPS modules, and future modeling in
the Prototype Counties.
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2.0 THE FLOOD AND EROSION PREDICTION SYSTEM

Section 2.0 of the report discusses the development of the Flood and Erosion Prediction
System and introduces the functionality of the various modules in the system.

2.1 Development of the Flood and Erosion Prediction System

Given the diverse range of geo-spatial data analysis and numerical modeling tasks
required to predict future flooding and erosion hazards, it was not possible to adopt an
existing software program for the Lake Michigan Potential Damages Study.
Consequently, a custom application, referred to as the Flood and Erosion Prediction
System, was developed by Baird & Associates.

The FEPS is a GIS based deterministic modeling system capable of predicting flooding
and erosion hazards for lakes and ocean coasts. In order to facilitate future upgrades to
the FEPS and capitalize on existing numerical models, the tools have been developed as a
loosely coupled system. The various modules and coastal database are linked together by
the FEPS user interface (UI), as described by the schematic diagram in Figure 2.1. The
user interacts with the system through the FEPS interface, and the modules listed at the

Flood & User

E Interface
rosion .

Prediction

System

Modules

‘§ | ‘
Waves Profile Tool COSMOS Sediment Budget  GIS Mapping MapAnimator

Fiaure 2.1 FEPS Interface and Modules
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bottom of the diagram. Both the user interface and modules are linked to the coastal
database.

The FEPS interface was coded with Microsoft Foundation Classes (MFC) Visual C++.
The user interface presently includes over 60,000 lines of code and over 60 different
dialog boxes. The modules in the FEPS have been coded in a variety of programming
languages, including: MFC Visual C++, Fortran, and Avenue (ArcView’s custom
programming language).

2.2 FEPS Modules

The individual modules of the FEPS developed by Baird & Associates are described,
including: the user interface; the coastal database; the profile tool; ESWave; COSMOS
longshore sediment transport estimates and cohesive shore erosion; the sediment budget
module; a suite of ArcView applications known as the FEPS Shoretools; the runup and
overtopping calculator; and MapAnimator for 3D Movie Maps.

2.2.1 The User Interface

The modules and data processing tools in the FEPS are accessed through the user
interface noted in Figure 2.1. The FEPS interface is a dynamic visualization, plotting and
data processing environment. The user can interact with several data sets simultaneously
in multiple windows or views. Several of the capabilities of the user interface are
highlighted below. The links to the various modules are discussed in further sections.

The Flood and Erosion Prediction System interacts with a wide variety of geo-spatial data
sets and numerical model input/output. The diverse range of data must be visualized,
processed, plotted and prepared for further analysis and model input quickly and
efficiently. Existing commercial graphing software was not capable of interacting with
the wide range of data in the FEPS, often required multiple importing steps (and input
wizards), and was very time consuming.

Consequently, a series of plotting tools were developed for the user interface that could
input, process and visualize the unique datasets generated with the FEPS. An example of
a historic to recent profile comparison is provided in Figure 2.2. The user simply browses
the system directory for the historic and recent profile data (i.e. XY coordinates in a CSV
format), inputs a custom title as required, and the plot is generated. The plotting window
allows for dynamic zooming capabilities and quick changes to line types and symbols.
The plot can be saved in the coastal database for future reference, printed for report
generation, or saved as a digital image.
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Figure 2.2 Custom Plotting Tools in the FEPS

As mentioned above, the user interface can be used to process and visualize multiple
spatial datasets simultaneously. For example, in addition to the profile comparison, the
recession rate data for Reach 0757 is displayed simultaneously as a frequency histogram
(along with many other graphs) in Figure 2.3. The multiple view capability can also be
utilized to visualize data for different temporal scales at a given reach and from adjacent
shoreline reaches.

Many of the tools in the user interface are also
2B iar8aBannal used to process and prepare data extracted from

| e r—._ the coastal database for numerical modeling of
erosion and flooding hazards. For example, lake
bed profiles extracted from the coastal database are
utilized to generate input menus for the COSMOS
model. However, prior to modeling cohesive
shore erosion with the COSMOS model, the
overlying sand deposits must be isolated and
removed from the input profile geometry. This
task was facilitated with the development of an
interactive equilibrium profile tool based on
Dean’s equation (Dean, 1977). An example of the

Fieady [~ IHOM, 4

Figure 2.3 Multiple Graphs
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tool is presented in Figure 2.4. The user queries the coastal database for an existing 2D

:Flood and Erozion Prediction System/ - Cosmos1 [_ (O]
File Option: Modules Tool: Window Help
O & HE| & 22| w H O o ¥ a

Hew! [Mpen Save Frint

B Cosmosi:2 !E = Cosmosl:1
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Preview Existing Profile Path Predicted Equilfhrinm Profile

|N:\FEF'S W0000termpsprofile] -modz2. cav — —— et
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Cut Copy Faste ESWw Play MPlay Bunup Ower A LView

Graph Title
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Subtitle
IF‘redicted E quilibriurn Prafile

Yolume
& Equiibrium % Shift I” Show

Diean Profile (1977] w=4x "

A m
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Depth Belov LD (IGLD'ES m)
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Distance (m)

Ready N T
Figure 2.4 Equilibrium Profile Tool

lake bed profile, which is visualized in the plotting window. An equilibrium profile
curve is fitted to the extracted profile based on the selected parameters in Dean’s
equation. The results are viewed interactively in the plotting window. Once an
appropriate curve is selected, the results are saved in the coastal database for future model
input.

2.2.2 The Coastal Database

The coastal database incorporates a wide range of geo-spatial information, including:
point data such as lake level gages and dredging records; reach specific data such as the
shoreline classification and the 1 km bluff mapping; and near continuous information
such as existing lake bed bathymetry and ortho-photographs. Other key datasets include:
wind wave hindcasts, ice cover time series, historic bathymetry and bluff mapping, beach
nourishment records, sediment grain size, ground level photography and digital elevation
models.

Presently, the data storage and file structure for the coastal database utilizes the root
directory and folder structure in Windows Explorer (Figure 2.1). Reach specific
information such as erosion estimates from COSMOS are stored in sub-directories for the
individual reaches (i.e. >FEPS/reaches/0757/COSMOS). The coastal data utilized for the
FEPS modeling presently resides on a dedicated server in the Baird Office.
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In FYO1, the benefits and disadvantages of incorporating a commercial database into the
FEPS system will be investigated. Also, alternatives for the development of an internet
based file server and online GIS mapping tools will be reviewed. Internet access to the
spatial datasets and mapping results represent a potential vehicle to serve the project data
and results to interested state and local governments, and the general public.

2.2.3  Profile Tool and Bluff Slope

The 2D coastal process model COSMOS is utilized in the FEPS to predict rates of
longshore sediment transport, cross-shore storm related profile change for sandy sites,
and cohesive shore erosion. One of the primary inputs is a 2D beach/lake bed profile
with X-Z coordinates. Considering that multiple profiles are often required for each
shoreline reach and the Lake Michigan shoreline has over 2,000 reaches, automated
methods were required to extract the profile data from the 3D lake bed grids efficiently
and accurately.

The FEPS Profile tool is a custom application developed within ESRI’s ArcView
workspace. To use the tool, it is necessary to have a 3D surface or grid of the nearshore
bathymetry loaded as an active theme in ArcView. With the profile tool selected from the
ArcView workspace, the user draws a line across the 3D bathymetry grid at the desired
location, as seen in plan view in Figure 2.5. The tool extracts a digital X-Z profile,

[_[Ofx]

il ArcView GIS 3.2
Eile Edit Gallery Chartt Window Help

] Doqqu7sT.tif
] Dogqo756 tif

] Dogqo7se.tit

COSMOS PROFILE
-2
-3 3
4 %%
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£
-7
g

9 *
.
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1 .
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Figure 2.5

FEPS Profile Tool
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provides an on screen summary (graph in Figure 2.5), and saves the X-Z coordinates in a
comma delimited ASCII file (in the coastal database).

The second step in the development of beach profiles for the shoreline reaches was the
analysis of bluff and dune slope. The analysis and extraction of bluff slope data from the
coastal database is discussed further in the Section 2.2.7. The FEPS interface is used to
analyze and graph the data on bluff and dune slope for the 1 km shoreline reaches. Figure
2.6 provides an example of a bluff slope graph for Reach 0757, along with the summary

[ Recession2 | [Of ]
Reach 0757 - 1999 Bluff Data (20m transects)
Minirmum, Average and MMawmum Bluff Slope
e — — _——==
Average Kinimum Maximum
g 25 b :7¢ ------------------------------------------
o &
[ o) I I IR B e R
E
[
15 e e e e e e
<
|
g
2 L R e EEEE TP TR
=T
=
B 5 P e
O
] 25 50 75 100 125 150
Distance (m)
Miean Toe Elevation = 2.30m
Miean Crest Elevation = 27.00 m 1 Btandard Dewiation = 8. 16 m
Miean Toe to Crest Distance = 50.65m Miean Bluff Slope (/W) =2.05
Ifin Toe to Crest Distance = 34. 16 m Ifin Bluff Slope (HA) =138
Max Toe to Crest Distance =71.44 m Mfax Bluff Slope (A7) =289

Figure 2.6 Bluff Slope Graph and Statistics Calculated with the FEPS Ul

statistics at the bottom of the plot. Combined, the lake bed and bluff/dune slope data are
used to generate 2D profiles for input to the COSMOS model.

2.2.4 ESWave Module

The ESWave module is a custom wave, lake level and ice analysis tool developed by
Baird & Associates. The module performs numerous functions in the FEPS, including:
creation of time series wave, lake level and ice data; visualization of the time series data
in rose diagrams, splatter plots and summary tables; performing offshore to nearshore
wave transformation; generation of storm summaries; calculation and export of monthly
wave energy data; and export of time series files to run the COSMOS model (i.e. hourly
wave, lake level and ice data).
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In addition to the various methods to visualize the wave and lake level data in ESWave,
the user has the ability to query only specified portions of the complete time series record.
For example, the time scale can range from the entire dataset (i.e. 50 years), to one year or
only a specified storm event (i.e. one day). The data analysis options can also be used to
select a specific season, such as May to August, for visualization, analysis and exporting.
For additional details on the ESWave module, refer to Baird’s FY98 progress report
(Baird, 1999).

A sample of a nearshore wave rose for Reach 1304 is presented in Figure 2.7. The
graphic also includes a time series cover bar, the data range and digital metadata. The
metadata provides a summary of all input files and user specified parameters for the wave
transformation.
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Figure 2.7 Nearshore Wave Rose generated with ESWave
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2.2.5 COSMOS Model

COSMOS is a deterministic numerical model for the simulation of coastal processes.
The 2D profile model consists of several predictive routines that describe the following
parameters across a shore-perpendicular profile: random wave transformation (including
refraction, bottom friction, shoaling, breaking, wave decay, runup, and overwash); steady
currents (including undertow, and wave and tide-induced cross-shore and longshore
currents); orbital velocities (linear and non-linear); suspended sediment distribution
through the vertical; bed load and suspended load sediment transport in cross-shore and
longshore directions; and 2D profile response due to gradients in cross-shore sand
transport. For a detailed description of the model, refer to Nairn and Southgate (1993)
and Southgate and Nairn (1993).

Each of the processes is evaluated at approximately 250 finite difference calculation
points (or grid cells) across the profile, starting with the offshore limit and moving
inshore. Refer to Figure 2.8 for a schematic description of the model input profile(s). In
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Figure 2.8 COSMOS Inputs for a Profile with Cohesive Substrate and Sand Cover

an independent review of cross-shore coastal models, Schoonees and Theron (1995) gave
COSMOS (the Bailard version of the Energetics model) the highest possible rating.

Model inputs for estimates of longshore sediment transport, cross-shore sediment
transport, cross-shore profile response and cohesive shore erosion include: 2D profile in
x and z coordinates for the beach and lake bed profile (and cohesive sub-bottom profile,
bedrock, and coastal structures if present); a shore perpendicular profile azimuth;
description of the sediment grain size (including variability across the profile); and wave
direction, height, period and water level on a hourly basis or in a statistical format.
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2.2.5.1 COSMOS for Sandy Shorelines

For sandy coastlines, the model estimates are based on physical processes and there is no
calibration required. For example, COSMOS is capable of predicting the magnitude and
distribution across a profile of both longshore and cross-shore directed sediment transport
for any sandy profile and wave / water level condition without calibration of coefficients.
Figure 2.9 provides a graphical summary of the longshore sediment transport predictions
for a multiple bar profile. The white shading indicates the magnitude and location of
LST.

Figure 2.9 COSMOS Longshore Sediment Transport Predictions

Two dimensional estimates of storm related profile response due to gradients in cross-
shore transport are also calculated without calibration for the site specific profile
geometry and sediment grain size. The profile grain size conditions can be specified as a
single Ds( value for the entire profile, or varied across the nearshore zone and beach
based on the individual site conditions (i.e. Dsg range from 0.1 to 5.0 mm).

Another unique capability of COSMOS is its ability to simulate supply-limited sand
transport and beach erosion for sites which feature complex nearshore geologic patterns,
such as exposures of consolidated cohesive sediment or bedrock, in addition to sand. At
many locations on the Great Lakes, and elsewhere in the world, sand cover is only
intermittent or exists as a relatively thin veneer above the underlying cohesive substrate.
In addition to the input of a 2D sand profile to represent the surficial bed conditions, a
second profile can be included in COSMOS to represent the cohesive substrate (either
exposed or covered in a veneer of sand), as indicated in Figure 2.8. A third erosion
resistant profile can also be used to represent exposures of non-erodible bedrock or
coastal structures, such as revetments, seawalls, or offshore breakwaters.
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2.2.5.2  COSMOS for Erosion of Cohesive Shorelines

For cohesive shorelines, the COSMOS model is used in the FEPS to predict erosion of
the nearshore lake bed and bluff for time scales ranging from years to several decades.
Prior to calculating erosion, three erodibility coefficients must be calibrated in the model
based on the geologic properties of the glacial sediments (i.e. resistance to the driving
forces of erosion). In the absence of detailed geotechnical data for a site, the erodibility
coefficients can be calibrated based on historic rates of erosion, such as lake bed
downcutting rates and bluff retreat estimates.

An example of the model output is visualized in Figure 2.10. The single line represents
the input profile and the solid orange is the output profile after 50 years of wave and lake

COSMOS Cohesive Shore Erosion
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Figure 2.10 COSMOS Cohesive Shore Erosion Estimate

level time series data has been simulated in the model. In Figure 2.10, the rate of erosion
or downcutting increases in an onshore direction and the bluff has retreated
approximately 50 m in the simulation.

2.2.6  Sediment Budget Module

A detailed sediment budget module was created for the FEPS. As Figure 2.1 indicates,
the module is accessed through the user interface and is linked to the coastal database.
There are two versions of the sediment budget module: 1) for sandy shore reaches where
long term shoreline evolution is based on net changes in the sediment volume for the

1 km shoreline reaches; and 2) for cohesive reaches to investigate the interaction of
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sediment input (sand and gravel) from bluff erosion and longshore sediment transport
rates.

Sediment Budget
There are three primary input tabs, as Bz | Fnd it | Review|
illustrated in Figures 2.11a and b. The T
user specifies the title and reach et Tale e [Tt Court
boundaries in Figure 2.11a. The second i [Fieach Seinert B

tab in Figure 2.11b is used to browse the
coastal database and identify key input
parameters for the sediment budget, such
as rates of longshore sediment transport,
inputs from bluff erosion and beach
nourishment. For all cases, the 1 km
shore reaches define the spatial
boundaries for each cell in the sediment
budget. In the final tab, the user is able to
visualize the results of the sediment Figure 2.11a Boundaries Tab

budget for the various input and output

variables on a reach by reach basis. The inputs extracted from the coastal database can be
accepted or altered to test “what if” scenarios. For example, beach nourishment and
dredging practices could be altered at a harbor to investigate the influence on the overall
sediment budget. The net volume change is computed and converted to a shoreline
change rate (i.e. m/yr) for the individual reaches. The results are also presented in a
summary table for printing and report generation.

- Boundaries
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Figure 2.11b Sediment Budget Inputs from the Coastal Database
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2.2.7 FEPS “Shoretools”

A suite of custom ArcView GIS tools were developed to pre-process the geo-spatial data
layers, extract data for input to the numerical models, automate manual tasks and map the
future shoreline position. The four components of the FEPS “Shoretools™ are described
below. These tools were coded with the Avenue programming language to create custom
input fields, link together a series of ArcView commands, automate manual routines,
write files to the coastal database and map future shoreline position.

2.2.7.1 Shore Splitter

The shoreline and bluff mapping for the prototype counties was delivered as continuous
ArcView shapefiles (i.e. line coverages) for each of the five counties. However, the
FEPS modeling was based on the 1 km shoreline reaches, which required reach specific
bluff mapping, not county wide coverage. Since the geographic coordinates for the center
point of the individual shoreline reaches was stored in the GIS, the Shore Splitter tool was
developed to automate the task of creating the required 1 km bluff toe and top mapping in
ArcView.

@ ArcWiew GIS 3.2

Elle Edlt Elew lheme énalym ﬁurface Elaphlcs wfindaw Help

Scale 170.3] Shore Spter| ?E} A3 e

’:-‘ Shore Splitter

ﬂ Allegan-roads.shp ;

ﬂ Reaches1.chp

ﬂ Allegan-buildings.shp

n—

ﬂ 0757 1889 top_shareperpshp
PV

« 0757 1909 tap.shp

« 0757 1909 toeshp

ﬂ Allegan-bluffz-top shp

-

ﬂ Allegan-blufis-toe shp

2

-

Split shareline based on Reach center points =

Figure 2.12 Shore Splitter Tool
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An example of the end product from the tool is shown in Figure 2.12 for Reach 0757.
The thin solid lines trending north south represent the county wide toe and top of bank
lines. The dashed lines perpendicular to the shore represent the 1 km reach boundaries
and are used to cut the new reach specific lines (thick lines in Figure 2.12). The Shore
Splitter tools can also be used to create reach specific lines for the historic shoreline

mapping.

2.2.7.2 Transect Generator (TG)

The Transect Generator tool was also created with dual purpose: 1) to measure the
horizontal distance between the bluff toe and crest lines in the GIS; and 2) measure
transect erosion rates or shoreline change rates between two top of bank lines (or
shorelines). The two methodologies are described in further detail below.

The toe and top of bank lines for the five prototype counties contained elevation data. In
other words, the lines were three dimensional. This additional attribute information was
utilized in the development of the Transect Generator tool to facilitate the calculation of
bluff slope information for the individual reaches. Figure 2.13 presents the bluff toe and
top of bank mapping for Reach 0757. A base line is drawn parallel to the general
shoreline orientation with the tool and shore 